We studied the interplay between 39 breast cancer (BC) risk SNPs and established BC risk (body mass index, height, age at menarche, parity, age at menopause, smoking, alcohol and family history of BC) and prognostic factors (TNM stage, tumor grade, tumor size, age at diagnosis, estrogen receptor status and progesterone receptor status) as joint determinants of BC risk. We used a nested case -control design within the National Cancer Institute's Breast and Prostate Cancer Cohort Consortium (BPC3), with 16 285 BC cases and 19 376 controls. We performed stratified analyses for both the risk and prognostic factors, testing for heterogeneity for the risk factors, and case -case comparisons for differential associations of polymorphisms by subgroups of the prognostic factors. We analyzed multiplicative interactions between the SNPs and the risk factors. Finally, we also performed a meta-analysis of the interaction ORs from BPC3 and the Breast Cancer Association Consortium. After correction for multiple testing, no significant interaction between the SNPs and the established risk factors in the BPC3 study was found. The meta-analysis showed a suggestive interaction between smoking status and SLC4A7-rs4973768 (P interaction 5 8.84 3 10 24 ) which, although not significant after considering multiple comparison, has a plausible biological explanation. In conclusion, in this study of up to almost 79 000 women we can conclusively exclude any novel major interactions between genome-wide association studies hits and the epidemiologic risk factors taken into consideration, but we propose a suggestive interaction between smoking status and SLC4A7-rs4973768 that if further replicated could help our understanding in the etiology of BC.
INTRODUCTION
Several genome-wide association studies (GWAS) have identified single-nucleotide polymorphisms (SNPs) associated with breast cancer (BC) risk (1 -17) . The possible interplay between genetic variants and established epidemiologic BC risk factors is gradually being explored (18 -22) . Finding gene -environment interactions can be useful in several areas such as allowing a more specific risk assessment that could be useful for early detection or prevention strategies and moreover to further our understanding of biological pathways and mechanisms of disease etiology.
In a previous work conducted in a smaller set of cases and controls in the context of the National Cancer Institute (NCI)'s Breast and Prostate Cancer Cohort Consortium (BPC3), we have reported the lack of interactions between 17 GWAS SNPs and 9 epidemiologic risk factors for BC (21) . The results from other groups were similar to what we found; however, a recent large study by Nickels et al. performed in the context of the Breast Cancer Association Consortium (BCAC) showed several highly significant gene -environment interactions (22) . Given these new findings, we felt the need to extend our previous work and doubling our overall sample size, we studied a further 22 SNPs reported to show genome-wide statistically significant associations with BC risk. We also used updated and extended information on established BC risk factors (body mass index (BMI), height, age at menarche, parity, age at first full-term pregnancy, number of full-term pregnancies, age at menopause, smoking, pack-years of smoking, alcohol, family history of BC and ever use of oral contraceptives), as well as on prognostic factors of BC (estrogen receptor (ER) status, progesterone receptor (PR) status, tumor size, TNM stage, tumor grade and age at diagnosis) available in the central BPC3 database. Both genetic and non-genetic information were available for a total of 35 661 individuals (16 285 cases and 19 376 controls).
In this study, first, we analyzed BC risk SNPs stratifying by the established BC risk factors and BC prognostic factors. Second, we tested for gene -environment interactions and, taking advantage of the work done by Nickels et al., we combined the interaction ORs from BPC3 and BCAC (22) in a meta-analysis. This was the largest effort up to date, using data on up to 79 000 individuals in order to discover any possible interplay between genes and environment in relation to BC risk.
RESULTS
In total, 16 285 BC cases and 19 376 controls of European descent from BPC3 were included in the analysis of this study. The relevant characteristics of the study subjects are presented in Supplementary Material, Table S1 . At the time of recruitment, 88% of the subjects in this study were peri-or postmenopausal (14 468 cases, 16 761 controls). For Nurses' Health Study (NHS), two SNPs (ZMIZ1-rs1045485 and 11q13-rs614367) showed departure from the Hardy -Weinberg equilibrium among the controls (P ¼ 8.4 × 10 24 and 6 × 10
24
, respectively). Therefore, for the analyses involving these two SNPs, subjects from NHS were removed. The genotyping success rate was 98.88% in the study population.
SNPs main effects
The SNPs included in the analyses are listed in Table 1 . The results of the main effects analyses of the association between the 39 SNPs and BC risk are shown in Table 2 . In the overall analysis (considering ER2 and ER+ together), we found significant associations (at the conventional 0.05 level) with BC risk for 29 of the SNPs (P-values ranging from 0.035 to 5.81 × 10
232
). The directions of the associations were consistent with those reported in previous papers for all the SNPs. The results of the tests of heterogeneity of the main effects of SNPs and BC risk factors across cohorts were not significant (data not shown). The results of the main effects analyses for the epidemiologic risk factors are reported in Supplementary Material, Table S2 .
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Stratified and case -case analysis
In the stratified analysis, SNP C19Orf62-rs8170 showed an increased risk of BC in the ER2 stratum (OR allele ¼ 1.20, 95% CI ¼ 1.09-1.31, P 1d.f. ¼ 1 × 10 24 ). In addition, 11q13-rs614367 showed a preferential association with ER+ BC (OR allele ¼ 1.16, 95% CI ¼ 1.10 -1.22, P 1d.f. ¼ 9.6 × 10
28
). The results of the stratified analyses are shown in Supplementary Material, Table S3 .
The case -case analyses showed a significant difference in the distribution of alleles of C19Orf62-rs8170 between ER+ and ER2 cases (P 1d.f. ¼ 6.8 × 10
27
) and a non-significant difference between PR+ and PR2 cases (P 1d.f. ¼ 5.4 × 10
24
). For FGFR2-rs2981582, we observed significant differences in the distribution of alleles with respect to ER status (P 1d.f. ¼ 1.2 × 10
25
). This was also observed for 11q13-rs614367 (P 1d.f. ¼ 1.1 × 10 24 ). A significant result was also observed for 5p12-rs10941679 with respect to PR status (P 1d.f. ¼ 1.5 × 10 24 ). We did not observe any other statistically significant difference. The strongest, non-significant evidence for a difference in the case -case analysis was observed for USHBP1-rs12982178 with respect to ER status (P 1df ¼ 5.6 × 10
24
) and PR status (P 1df ¼ 3.4 × 10 24 ). The results of the case-case analyses are shown in Supplementary Material, Table S4 . ) in BPC3. The strongest interaction result in BPC3 was observed between 6q25-rs2046210 and alcohol consumption (P interaction ¼ 0.002) (see Table 3 ).
In the meta-analysis with the BCAC data the pooled OR of the interaction between NOTCH2-rs11249433 and parity was significant (OR meta ¼ 1.13, 95% CI ¼ 1.07 -1.20, P meta ¼ 4.83 × 10 25 ). The interaction OR of LSP1-rs3817198 and number of full-term pregnancies, which was reported to be significant in BCAC (22) but not in our study, was not significant, considering the multiple testing, in the meta-analysis (OR meta ¼ 1.03, 95% CI ¼ 1.01 -1.05, P meta ¼ 0.0113). In addition, we observed heterogeneity between BPC3 and BCAC for the interaction ORs (P heterogeneity ¼ 6.39 × 10
25
). This was also the case for the interaction between CASP8-rs1045485 and alcohol consumption (OR meta ¼ 1.14, 95% CI ¼ 0.98 -1.31, P meta ¼ 0.0813). The strongest evidence for interaction was observed between smoking and SLC4A7-rs4973768 (OR meta ¼ 1.08, 95% CI ¼ 1.03-1.13, P meta ¼ 8.84 × 10
24
) as shown in Table 4 . Forest plots of the interactions shown in Table 4 are presented in Figure 1 . Detailed results of the meta-analysis are shown in Supplementary Material, Table S6 .
DISCUSSION
An important extension of GWAS is to investigate whether genetic polymorphisms modify the effects of established BC risk factors and whether they show a stronger association in subgroups of BC cases. In this paper, we report findings from a consortium of large prospective studies on the possible interactions between 39 polymorphisms that have been associated previously with BC risk and established risk factors for the disease. Moreover, we conducted stratified analysis, considering the strata defined by the risk and prognostic factors and finally a casecase analysis considering the tumor prognostic factors alone. Data were examined using a nested case -control design within the BPC3. This work complements a previous report where a smaller set of cases and controls was analyzed for only 17 SNPs (21) .
As a first step, we tested the main effect of the SNPs on BC risk and we found associations for all of the previously reported ER+ BC risk SNPs at the 0.05 significance level (P-values ranging from 0.035 to 5.81 × 10
232
) except for CASP8-rs1045485, RNF146-rs2180341, ZNF365-rs16917302, LSP1-rs3817198, COL1A1-rs2075555 and GMEB2-rs311499 (1,3,6,10,11,16,21) . The possible involvement of LSP1-rs3817198 and CASP8-rs1045485 with BC risk was investigated in several studies and their association was consistently found in case-control studies (1, 4, 7, 10, 22) but not in prospective studies (9, 18, 21) . The other SNPs were either found in small studies (COL1A1-rs2075555) (3) or selected populations such as Ashkenazi Jews (RNF146-rs2180341) (6) or BRCA2 mutation carriers (GMEB2-rs311499, ZNF365-rs16917302) (11) .
As a second step, we investigated the possible differential association between SNPs and prognostic factors. The stratified and case -case analyses in groups determined by prognostic factors showed a preferential association of C19Orf62-rs8170 with ER2 BC, which confirms previous findings (15) . With respect to receptor-specific BC risk, our results were in general agreement with previous reports, suggesting that several SNPs are predominantly associated with ER+ BC: NOTCH2-rs11249433 (9), 2q35-rs13387042 (2,27), TNRC9-rs3803662 (2), 5p12-rs4415084, 5p12-rs10941679 (5), FGFR2-rs2981582 (1), FGFR2-rs3750817 (20) and MAP3K1-rs889312 (28) . Others are more predominantly associated with ER2 or PR2 BC: C19Orf62-rs8170, 6q14-rs17530068 and 6q14-rs13437553 (15), whereas we did not replicate the preferential association of 20q11-rs4911414 with ER2 BC (15) . Our results are also consistent with previous reports of SNPs C19ORF62-rs8170, USHBP1-rs12982178 and TERT-rs10069690 being specifically associated with ER2 BC risk (12,15), while we could not replicate the association of RALY-rs2284378 with ER2 BC (15) . A possible explanation for this is lack of statistical power in the ER2 group, which included 2127 cases in our study. Since part of the individuals used in this report overlap with Refs. (12, 15) , the results presented here cannot be considered an independent replication. In the last years, there has been a keen interest in investigating gene-environment interactions using SNPs identified by GWAS and established risk factors, especially in common cancer types such as breast, for which multiple susceptibility loci have been identified and several risk factors are known. Finding geneenvironment interactions can be useful in two areas: in order to allow a more specific risk assessment and aid targeted early detection or prevention strategies and to further our understanding of biological pathways and mechanisms of disease etiology (29) . Despite the vast international effort, only a few established examples of gene -environment interactions exist, such as the one between NAT2 polymorphisms and smoking in relation to bladder cancer risk (30) , and between ALDH2 polymorphisms and alcohol in relation to esophageal cancer risk (31, 32) . For BC, several large studies, including our own (18, 19, 21) , focusing on GWAS loci have reported no gene -environment interactions. We considerably expanded our previous study (21) . Moreover, taking advantage of the work of Nickels et al., who reported significant interactions between NOTCH2-rs11249433 and parity as well as between LSP1-rs3817198 and number of fullterm pregnancies (22), we conducted a meta-analysis of the results from BCAC and BPC3 in order to investigate gene-environment interactions on up to 79 000 individuals. In BPC3, we did not observe any significant interactions between the selected SNPs and any of the epidemiologic risk factors, when we considered the adjusted significance threshold (P , 1.34 × 10
24
). In the meta-analysis, we observed that our estimate of the interaction between NOTCH2-rs11249433 and parity (OR interaction ¼ 1.07 95% CI ¼ 0.95-1.20, P trend ¼ 0.24) pointed towards an increased risk, as did the one reported by BCAC (OR interaction ¼ 1.16, 95% CI ¼ 1.08-1.24, P trend ¼ 5.27 × 10
25
), but our estimate did not reach statistical significance. However, our result does not weaken the meta-analysis estimate, on the contrary, it makes the association even stronger (OR meta ¼ 1.13, 95% CI ¼ 1.07-1.20, P meta ¼ 4.83 × 10
). It is therefore plausible that the interaction observed by BCAC is true, although modest, but not observed in BPC3 because of insufficient sample size. We did not observe the interaction reported from Nickels et al. for LSP1-rs3817198 with the number of FTP, which is not surprising since we did not replicate the association with BC risk that was reported by BCAC for this SNP either. The discrepancy in the findings between cohort studies and case-control studies seem to be consistent since also the previous studies from BPC3 (21) and BCAC showed discordant results. Nickels et al. suggest that the difference might be due to a misclassification of parity in the cohorts, considering that the information was collected only at the time of enrolment. This seems unlikely considering the age of enrolment of the women in the BPC3 cohorts and therefore the most likely explanation is that our power was limited to detect the modest magnitude of the interaction reported by BCAC.
The most interesting result from the meta-analysis is the interaction of smoking status and SLC4A7-rs4973768. This association, although not significant, has biological plausibility. The SLC4A7 gene affects bicarbonate transport but is also thought to be responsible for the influx of lead into erythrocytes (33) . It is well known that smokers have a higher concentration of lead in the blood than non-smokers (34, 35) , since lead is present in cigarette tar. In addition, several studies suggest a positive association between lead exposure and risk of several kinds of cancer, including breast (36) (37) (38) (39) . Moreover, rs4973768 has been reported to have a functional impact on the SLC4A7 gene (33) . To follow this up, we have used the regulomeDB web site (40) , observing that the polymorphic variant rs552647, which is in high LD (r 2 ¼ 0.963) with rs4973768, is predicted to affect binding with the transcriptional repressor CTCF, a master regulator of gene expression. It is therefore conceivable that this polymorphic variant could modify the ability of SLC4A7 to introduce deleterious lead inside cells. Since lead is not normally present in the organism and is introduced by environmental exposure it is reasonable that a polymorphic variant that influences SLC4A7 functionality might exert its effect in subjects with an increased exposure to lead such as smokers. Table 4 .
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In the BPC3, we also note that this SNP is significantly associated with BC risk among smokers (OR allele, smokers ¼ 1.10, 95% CI ¼ 1.05-1.16, P trend ¼ 2.1 × 10
25
, OR allele, non-smokers ¼ 1.02, 95% CI ¼ 0.98 -1.07, P trend ¼ 0.28). Therefore, this statistical interaction, although not significant, is highly suggestive, since it could describe a biological process which may contribute to breast carcinogenesis. This effect could be an example of a pure or qualitative interaction (i.e. there is an effect only in the presence of both the susceptible genotype and the environmental factor, as described by Thomas (29) ), since it seems that the effect of SLC4A7 genotypes is present only in smokers. A similar finding has been described for polymorphisms in the NAT2 gene in bladder cancer: in fact, several studies have consistently shown that slow acetylator phenotype increases the risk of developing the disease only among smokers (30) .
BC is a complex disease involving multiple environmental and genetic risk factors and, in this analysis, we have considered only a small fraction of the loci that potentially could influence the disease risk. A possible alternative strategy to pursue this route is to perform gene-environment-wide interaction studies, i.e. using the information of a GWAS to agnostically find novel gene-environment interactions. This innovative approach has shown some promising results (32, (41) (42) (43) (44) (45) (46) , although several questions on how to apply this strategy still remain unsolved (29, 47) . In addition, our data confirm what has been suggested by others, namely that one possible way to further our understanding of BC would be to conduct GWAS in more homogeneous groups of cases defined by receptor status or histological subtype (2, 5, 15, 16, 48, 49) . Continuing to implement gene-environment interaction analysis, possibly using more comprehensive statistical approaches and study designs, alongside novel genotyping techniques, will still be useful. More importantly, it will be necessary not to restrict the field to GWAS hits and established epidemiologic risk factors.
In conclusion, in this study of up to almost 79 000 women we confirmed several known associations between polymorphic variants and BC risk. Considering the significance threshold adjusted for multiple testing, we did not observe any novel interaction between genetic variants and BC risk factors nor any novel difference in the association between risk SNPs and tumor characteristics. The results obtained in this paper strongly suggest that there are no biologically relevant interactions for the majority of the current GWAS variants and the epidemiologic risk factors taken into consideration. However, we did observe a suggestive novel gene -environment interaction (SLC4A7 genotypes and smoking behavior) that if confirmed could further our understanding on BC susceptibility. Finally, our results are compatible with a significant interaction between NOTCH2-rs11249433 and parity reported by Nickels et al. The results obtained in this paper are conclusive in excluding any other major interactions between the current GWAS hits and the epidemiologic risk factors taken into consideration.
MATERIALS AND METHODS

Study subjects
The BPC3 has been described extensively elsewhere (50 (58) .
Cases were women who had been diagnosed with invasive BC after enrolment in one of the BPC3 cohorts. The diagnosis was confirmed by medical records or tumor registries (the method varied among cohorts). Subjects were considered eligible controls if they were free of BC until the follow-up time for the matched case subject. Matching criteria were: age at baseline, menopausal status at baseline and cohort. All study subjects were of Caucasian ethnicity. Relevant institutional review boards from each cohort approved the project and informed consent was obtained from all subjects.
SNP selection and genotyping
The SNPs included in the analyses (Table 1) were reported to show a genome-wide statistical significant association with BC risk (P , 5 × 10
27
). In this study, either the SNP from the original publication or a surrogate in complete linkage disequilibrium (r 2 ¼ 1 in HapMap CEU) was genotyped. In particular, for the following SNPs, we have genotyped either the original SNP or the surrogate: rs4415084 (surrogate rs920329), rs9344191 (surrogate rs9449341), rs1250003 (surrogate rs704010), rs999737 (surrogate rs10483813), rs2284378 (surrogates rs8119937 and rs6059651), rs2180341 (surrogate rs9398840), rs311499 (surrogate rs311498) and rs9344208 (surrogate rs1917063). The BC susceptibility SNPs recently reported by BCAC were not included in this analysis (59) .
Genotyping was performed using TaqMan assays (Applied Biosystems, Foster City, CA, USA) as specified by the producer. Genotyping of the BC cases and controls was performed in four laboratories (German Cancer Research Center (DKFZ), University of Southern California, U.S. NCI, Harvard School of Public Health). Laboratory personnel were blinded to whether the subjects were cases or controls. Duplicate samples ( 8%) were included and concordance of these samples was .99.99%.
Data filtering and statistical analysis
The study subjects were BC patients and controls for which at least 90% of the SNPs had been successfully genotyped (35 661 subjects in total). Each SNP was tested for Hardy -Weinberg equilibrium among the controls. All unconditional statistical models that were used in this study have been adjusted for age at recruitment and cohort (defined as country in EPIC and study phase in NHS).
We investigated the association between genetic variants and BC risk by fitting an unconditional logistic regression model. The genotypes were treated either as nominal variables, comparing heterozygotes and minor allele homozygotes to the reference group of major allele homozygotes (co-dominant model), or as interval variables in a log-additive model. This was also Human Molecular Genetics, 2014, Vol. 23, No. 19 5267 carried out separately for each cohort and tests for heterogeneity between cohorts were performed. In order to investigate the possible interactions between SNPs and risk factors, two models for each pair of SNP and risk factor were explored: one with only SNP and risk factor and one including additional SNP-risk factor interaction term(s). The genetic variants were treated as interval variables (counts of minor alleles) and the non-genetic risk factors were treated as continuous (BMI, height, age at menarche, age at menopause, pack-years of smoking, alcohol in g/day, age at first full-term pregnancy and number of full-term pregnancies) or dichotomous (parity, family history, ever use of oral contraceptives). For smoking status, we used three categories (current, former and never smoker).
We then applied the likelihood ratio test to compare the two models and to assess departures from the log-additive model for the joint effect of SNP and risk factor. For BMI, the interaction analysis was performed separately for pre-and postmenopausal women.
The interaction of genes and use of hormone replacement therapy will be explored in a separate study and was not examined in this analysis.
Stratified, unconditional analyses using cases and controls were performed for risk factors of BC. Cochrane's Q-test was used to test for heterogeneity between the strata. The strata for the risk factors were defined as: BMI (BMI , 25, 25 ≤ BMI , 30, BMI ≥ 30), height (height ≤ 1.60, 1.60 -1.65,1.65 -1.70 m, height ≥ 1.70 m), age at menarche (early, ≤11 years; intermediate, 12-13 years; late, ≥14 years), age at menopause (early, ≤44 years; intermediate, 45-49 years; late, ≥50 years), smoking (never smoker, ever smoker), pack-years of smoking (0, .0-,10, ≥10-,20, ≥20), alcohol (0, .0-,10, ≥10-,20, ≥20 g/day), ever full-term pregnancy (yes, no), age at first full-term pregnancy (,20, 20-24, 25-29, .29) , number of full-term pregnancies (0, 1, 2, 3, ≥4), family history (mother diagnosed with BC or not, as information on first-degree relatives was sparse), ever use of oral contraceptives (yes, no).
Additional case-case analyses using an unconditional logistic regression model were performed to test for the effect * * * of heterogeneity of prognostic factors. The prognostic factors were defined as follows: TNM staging (Stage 1, Stage 2, Stages 3 -4), grade (well differentiated, moderately differentiated and poorly differentiated), tumor size (,2, 2 -5 cm, .5 cm), age at diagnosis (younger than 55, older than 55) and ER, PR status (negative, positive). Using the matching to select controls, we also performed subgroup analyses for the prognostic factors in order to have a complete assessment of the preferential association of the SNPs with the tumor characteristics.
A fixed-effects meta-analysis of the interaction ORs was performed to combine the results from our study and that of the BCAC study (22) giving us a final sample size of 79 534 subjects (34 817 BC cases and 44 717 controls). We analyzed 19 SNPs that were used in both studies, the non-genetic variables in the BPC3 study were recoded so as to correspond to the categories used in the BCAC study (22) . Before doing the meta-analysis, heterogeneity between the studies was investigated using Cochrane's Q-test.
The significance threshold was adjusted, taking into account the large number of tests carried out. Since some of the SNPs map to the same regions and might be in linkage disequilibrium, for each locus we calculated the effective number of independent SNPs, M eff , using the SNP Spectral Decomposition approach (simpleM method) (60) . The study-wise M eff obtained was 31. For the interaction analyses, the P-value threshold was obtained by dividing the conventional significance threshold of 0.05 by the product of M eff and the number of risk factors (n ¼ 12). Thus, for the interaction analyses and for the heterogeneity tests the threshold for statistical significance was 1.34 × 10
24
(0.05/ (31 × 12) ), for the stratified analyses it was 0.05/(31 × 18) ¼ 9 × 10 25 and for the case -case analyses it was 0.05/ (31 × 6) ¼ 2.7 × 10
. All statistical tests were two sided, and all statistical analyses were performed with SAS version 9.2.
